ABSTRACT: Changes in rainfall extremes and flooding are becoming more frequent in many countries, particularly in large cities where people and assets are concentrated. In the Metropolitan Area of the city of São Paulo (MASP) region, heavy or extreme precipitation events have important effects on society. Flash floods and landslides, associated with intense, but often brief, rainfall events, may be the most destructive of extreme events. Observations since the mid-1930s in the MASP region have shown significant increases in total and heavy rainfall and decreases in light rain. This was probably due to natural climate variability, but with some signals of the urbanization effect, especially during the last 40 yr. Here projections of future changes in rainfall extremes in the MASP region were derived from the Eta-CPTEC 40 km regional model nested in the HadCM3 global model, with 4 available realizations of the global model for the A1B emissions scenario to the end of the 21st century. Trends were assessed for significance using the nonparametric Mann-Kendall test. Projections, based on percentiles and on the number of days with rainfall above a certain limit, suggested: (a) an increase in total precipitation, (b) an increase in heavy precipitation and in the contribution to total precipitation from more intense rainfall events, and (c) the possibility of longer dry periods separating days with intense rain in the MASP region. The trends were stronger and more significant in the second half of the 21st century. We are aware that dynamical downscaling may not provide information at the weather station level and that climate modeling does not resolve all uncertainties. However, we believe that this exercise enables climate assessments that, in time, can be used for general public information.
INTRODUCTION
A changing climate leads to changes in the frequency, intensity, spatial extent, duration, and timing of weather and climate extremes, and can result in extremes of unprecedented magnitude. Many weather and climate extremes are the result of natural climate variability, and even if there were no anthropogenic changes in climate, a wide variety of natural weather and climate extremes would still occur (Seneviratne et al. 2012) .
As suggested by Song et al. (2011) , changes in the total amount of rainy-season precipitation are manifested in different ways -i.e. by variations in the number of wet days, by variations in precipitation intensity, or by both. Studying both factors makes possible a better understanding of the individual contributions to changes in precipitation during the rainy season. These changes are generating concern over the environmental security of urban areas, particularly in cities where people and assets are concentrated, and in high-risk areas where vulnerable populations live. Many impacts of climate change in cities, especially in the short and medium term, will be felt in the form of enhanced variability and changing frequency of extreme events, some of them with the potential to trigger natural disasters (Rosenzweig et al. 2011) .
The effects of intense rainfall and floods (which can occur in any season in Southeast Brazil) vary according to location. In recent years, heavy or extreme precipitation events have had considerable effects on society, especially through flash floods and landslides -associated with intense, but often brief, rainfall events -which are among the most destructive extreme events (e.g. the January 2011 landslide in the highlands region of Rio de Janeiro which killed >1000 people; Marengo & Alves 2012) .
Within most cities in Latin America, climate risks fall disproportionately on low-income groups who occupy high-risk sites, and have the least adequate provision of protective infrastructure and services and no formal tenure over the land they occupy (Romero Lankao 2011). Urban areas and megacities in Latin America are hotspots of vulnerability to floods, heat waves, landslides, and other hazards that climate change is expected to aggravate. The Metropolitan Area of the city of São Paulo (MASP), located in southeastern Brazil, is considered one of the 10 largest urban conglomerates in the world and is classified as a megacity, occupying an area of 8051 km 2 , with approximately 20 million inhabitants (IBGE 2011) .
A large number of studies focusing on precipitation changes during the last 40 to 50 yr have detected changes in precipitation extremes worldwide, associated with increasing mean temperatures (e.g. Alexander et al. 2006 , Beniston et al. 2007 , Easterling et al. 2008 , Caesar et al. 2011 , Seneviratne et al. 2012 . Southeastern Brazil shows an increase in the frequency of intense rain events above a given threshold or percentile level, and possible increases in dryness (Alexander et al. 2006 , Haylock et al. 2006 , Marengo et al. 2009a ,b,c, 2011 , Silva Dias et al. 2012 , Donat et al. 2013 , Skansi et al. 2013 ). On seasonal time scales, Donat et al. (2013) shows that in southeastern South America there was a strong increase in extreme precipitation between 1951 and 2010 across the seasons, particularly during December to May.
In the state of São Paulo, Dufek & Ambrizzi (2008) performed an analysis of various indices of rainfall extremes and dryness during the period 1950−1999, and found statistically significant trends associated with a wetter climate, as well as an increase in drier conditions as shown by the positive consecutive dry days (CDD) trends. A significant increase in total precipitation was associated with an increase in the frequency of very heavy precipitation days. Their results indicated that intense precipitation is becoming concentrated on a few days and spread over the period separated by longer dry spells.
Changes in rainfall extremes have been identified in various sectors of the MASP (Conti 1979 , Xavier et al. 1994 , Pereira Filho et al. 2004 , Dufek & Ambrizzi 2008 , Marengo et al. 2009a , Nobre et al. 2011 , Silva Dias et al. 2012 . In fact, while the numbers of days with rainfall > 50 mm in the city of São Paulo were almost nil during the 1950s, they occurred between 2 and 5 times per year by 2000−2010 (Nobre et al. 2011) . Furthermore, a recent study by Pinto et al. (2013) shows a significant increase in thunderstorm activity in the city of São Paulo after 1951. This may be increasing the impacts on vulnerable people living in areas where a risk of flash flooding and landslides exists.
Studies on the effects of urbanization on climate in the MASP have been performed using various regional models (Freitas & Silva Dias 2005 , Freitas et al. 2007 , Mourão 2010 , and the simulations suggest that urbanization of areas originally covered with natural vegetation may cause temperature to increase by about 3.5°C or more, with more hot days, which can therefore affect convective rainfall.
The assessment of global or regional climate model performance with respect to extremes, particularly at the regional scale, is still limited by the very rarity of extreme events, which makes evaluation of model performance less robust than in the case of average climate. Evaluation is further hampered by incomplete data on the historical frequency and severity of extremes, particularly for variables other than temperature and precipitation, and also for specific regions. Understanding past changes in the characteristics of such events, including recent increases in the intensity of heavy precipitation events over a large part of the MASP, is critical for reliable projections of future changes.
Therefore, in this study, observed trends in rainfall extremes in the MASP region were investigated over the last 60 yr. Furthermore, to detect possible changes in rainfall extremes up to the year 2100, assessments of regional climate change projections were made, derived from downscaling of the UK HadCM3 global model, using the Eta CPTEC regional model with a horizontal resolution of 40 × 40 km . The analyses covered the short, medium, and long term up to 2100. Detailed analyses were performed for the MASP region (shown in Fig. 1 ). More details on observed trends in rainfall extremes in the MASP region can be found in Silva Dias et al. (2012) , and the references quoted therein.
METHODOLOGY

Observational data sets
We used the data from the meteorological station of the University of São Paulo, referred to as IAG-Agua Funda (23.65°S, 46.61°W, 800 m above sea level), with data available since 1933. The station is in southern São Paulo city, but located in the center of a park, and therefore separated from human development and heavy urbanization. Various studies (Marques dos Santos et al. 2006 , Nobre et al. 2011 ) have documented annual rainfall increases of 395 mm over the period 1936−2005, and this value has been updated by Silva Dias et al. (2012) to be 425 mm from 1933 to 2010. These changes may be linked to changes in the surrounding vegetation due to urbanization effects, to air pollution in the MASP, or to changes in rainfall extremes. Long-term changes in time series of extremes for this and other stations in the MASP area are described in G. O. Obregon et al. (unpubl.) , and will be used to complement the analyses of observed rainfall extreme trends in the MASP area.
Models used
In this study we used the projections of climate produced by the Eta-CPTEC 40 km regional model nested in the UK Met Office Hadley Centre coupled ocean-atmosphere global model HadCM3. We ran a 4-member regional model ensemble in order to address some of the uncertainties inherent in any model simulation. The boundary conditions were taken from 4 members of the HadCM3 'Perturbed Physics Ensemble' experiment in which the standard model structure is used, and perturbations are introduced to the physical parameterization schemes to produce variants of the same model. These are not changes in the physical parameterizations among the 4 members; rather, the changes are on parameter settings for the same parameterization, and the subset was selected according to its performance in the realistic simulation of the current climate, while sampling parameter space widely (Murphy et al. 2007 ). The model was run for the SRES A1B emissions scenario to the end of the 21st century.
The regional climate was simulated using the Eta-CPTEC regional model, and some modifications were made to Eta-CPTEC to be adapted for climate change runs by using sea-surface temperature derived from monthly means from the HadCM3. The inclusion of CO 2 in the Eta-CPTEC was made possible through the work by Fels & Schwarzkopf (1975) , in which new vertical profiles of temperature compatible with increases in CO 2 of 100 and 200% were developed. Alterations in the Eta-CPTEC original code were made to allow the CO 2 concentration to vary in accordance with the HadCM3. At decadal time scales, a linear interpolation was performed in order to generate annual values of CO 2 .
Recent studies by Chou et al. (2011) and Marengo et al. (2011) used the same 4 members from the HadCM3 ensemble as boundary conditions passed to Eta-CPTEC, for the present (1961−1990) and the future (2010−2100), respectively. Although only 1 emission scenario (SRES A1B) was available, for each of the 4 members, the differences in model sensitivity could be regarded as providing plausible future climates representative of different emissions pathways. In the present study we used the 4 members, thus effectively sampling a range of possible futures. 
Indices of extremes and trend analysis
The indices for the use of short-term extreme climate events in this study were defined by Frich et al. (2002) . These indices sample the tail of a reference period distribution, and were calculated for 1961− 1990 (the present) and the 3 time slices for the 4 members of the Eta CPTEC-HadCM3 run.
From a total of 27 available indices, we used 5 of them:
• Annual total precipitation (PRCPTOT): total annual accumulated precipitation (in mm), • Consecutive dry days (CDD): the annual maximum number of consecutive days when daily precipitation was <1 mm (in days), None of these indices represent extremely rare events, for which the computation of significant trends could be a priori hampered by the small sample sizes.
The direction and statistical significance of trends in the indices was determined using the nonparametric Mann-Kendall test (Haylock et al. 2006 , Dufek & Ambrizzi 2008 , a test that has been extensively used to determine trends in hydrological records. This statistic measures the relative ordering of all possible pairs of data points, with the year used as the independent variable and the extreme index as the dependent variable.
Trends in observed and modeled indices of extremes are assessed using a linear fit. Trend analysis describes the underlying smooth long-term changes with time series in climate, and is an important and popular tool for better detection of climate variations and change. The simplest and most frequent type of change is the linear trend (monotonic change), a continuous increase (positive) or decrease (negative) over time. In some cases, natural factors of inherent variability in hydrologic or climate time series can lead to substantial deviations from linearity (Burn 1994 ) (e.g. in cyclical or highly varying data and in non-linear events), making it difficult to differentiate between natural variability and trends (Askew 1987) , compounded by the fact that a trend is meaningful only with sufficient length of the time series. We admit the limitations of the current trend analyses, and suggest the need for the study of non-linear trends in future studies, but we limited this study to linear trends. Furthermore, linear trends still provide a simple way of discriminating the overall long-term climate change and of quantifying its magnitude over time.
RESULTS
The present
The analysis of long-term variability in extremes at individual stations in the MASP region is shown in G. O. Obregon et al. (unpubl.) . In the present study, we provide a summary of observed tendencies of indices of rainfall extremes at the IAG-Agua Funda station, to identify how extremes of rainfall have varied from the 1930s to 2010. Fig. 2 shows that PRCPTOT and R95P (and, to lesser degree, R5D) have been increasing steadily, albeit with pronounced interannual variability. A similar tendency was observed in R10-R80. Table 1 shows a summary of observed changes of rainfall indices in the city of São Paulo as measured at the IAG-Agua Funda station. In agreement with Silva Dias et al. (2012) , assuming a linear fit in the observed trends, we found that the most significant trends were for increases in PRCPTOT and R95P.
Light precipitation (R5) shows a slightly negative trend to 2010. Furthermore, between 1930 and 1950, R5 was higher than R10), while this was reversed in 1980−2010, suggesting a reduction in light rain and an increase in moderate and intense precipitation events. In this regard, Xavier et al. (1994) analyzed rainfall variability at the same IAG USP station during the period 1933− 1986, and found an increase in rainfall intensity in all seasons, but particularly in February and May. They also found a year-round reduction of light rainfall (between 0.1 and 5 mm d ), along with the fact that the contribution of days with rainfall > 30 mm in the MASP region (most particularly during February and May) increased during 3 periods : 1933− 1950, 1951−1968, and 1969− 1986. Observations at the IAG USP Agua Funda station showed that during the last 20 yr R30 has varied between 10 and 15 d, as compared to 5 to 12 d in 1940−1960. Urban effects can be particularly important in explaining the extremes of daily rainfall in the rainy season (Silva Dias et al. 2012) . The reduction in the frequency of light rain events shown in Fig. 2 has been linked to warming in the MASP region (Lombardo 1985 , Xavier et al. 1994 , Oliveira 1991 . The city of São Paulo is influenced by a sea breeze, andhas a tendency for nights that are warmer than the 1961-1990 climatology, relative humidity is reduced and thus condensation is hampered. This is somewhat aggravated in polluted air, which contains more condensation nuclei, leading to the division of condensed water vapor among a larger number of condensation nuc lei with less water per nucleus, and thus with a larger probability of the resulting smaller droplets remaining in the atmosphere and not precipitating. During the wet season the growth of the urban heat island and the role of air pollution included in the microphysics was found to largely explain the increase in rainfall extremes in the MASP area during 1933− 2010 (Silva Dias et al. 2012) .
Similar situations have been detected in most subtropical and tropical monsoon climate regions of southeastern China during 1960−2000, where the number of days with rain > 50 mm showed a slightly positive trend, while precipitation days with light rain (<10 mm) decreased (Song et al. 2011 , Liu et al. 2011 ).
The future
We acknowledge the fact that there are a number of factors that limit the ability to evaluate how well models simulate indices by comparison against ob served indices, particularly at the station level. One of the main drawbacks of dynamical downscaling is that it does not provide information at the point (i.e. weather station) scale, because that is a scale at which the re- gional climate model (RCM) parameterizations would not work. RCMs provide area-averaged precipitation, which reduce the magnitude of ex tremes (Haylock et al. 2006 ) compared with point values, and this is noted in analyzing rainfall ex tremes above 50 mm d −1 (R50). However, we believe that this exercise allows the detection from some trend analyses of increases or decreases of a variable that eventually can be used to inform stakeholders and the general public, even though un certainties may be still high. Fig. 3 shows the time series of observed anomalies at the IAG USP Agua Funda station, along with simulated (1961− 1990) and projected ano malies of some indices of rainfall extremes at a grid box near the IAG USP meteorological station. The statistical significance, assessed using a Mann-Kendall test for the baseline 1961−1990 period, showed that the simulated trends for all indices were not statistically significant at the 5% level.
For projections through 2100 (Fig. 3) , the MannKendall test suggested that all tendencies for R10, R5D, R95P, and PRCPTOT were statistically significant at the 5% level. Projections showed positive tendencies PRCPTOT and R10, as well as weak positive trends in CDD, and negative trends in R5.
While the observed trends reflected not only the increase in the concentration of greenhouse gases (GHG), but also the effects of urbanization and landuse changes, the projected trends considered only increases in the concentration of GHG, because neither the global nor regional models accounted for the land-use and urbanization effect, for both the present and future.
For the MASP and nearby regions, Fig. 4 shows the ensemble of the projections of total rainfall and the indices of rainfall extremes for the time slices 2010− 2040, 2041−2070, and 2071−2100, relative to 1961− 1990 for the ensemble of the 4 members. Statistical significance was assessed using the Mann-Kendall test, and the areas where significance at the 5% level was reached are shown with signs (+ or −) inside the curves. The PRCPTOT maps show the increase in total annual rainfall up until the end of the 21st century, and this increase reached significance at the 5% level to the southeast, west, and northeast of the MASP by 2041, and then by 2090 the change started to become more intense, reaching up to +150 mm over the MASP, and more than + 300 mm to the north and southwest of the MASP region. Similar be havior was observed in the R10 index, where changes between + 2 and + 6 d over the MASP area by 2041 and 2070 gave way to significant changes of between + 6 and +10 d by 2041 and >+10 d by 2071.
In the MASP region and to the north, the frequency and intensity of heavy precipitation appeared to be increasing, with changes that were stronger and significant from the middle (2041−2070) to the end of the century (2071−2100) as shown by the R5D and R95P indices. The R5D index also suggested an increase in ex treme rainfall events in the MASP region and especially toward the north, suggesting higher occurrences of flood events in vulnerable areas of the state and city of São Paulo. There was a tendency for a decrease in R5, by 2 to 6 d short term (2010−2040) and by 10 to 14 d long term (2071−2100). The CDD index also suggested a significant increase in the frequency of dry spells, mainly to the north of the MASP region, suggesting that, while rainfall extremes may be more frequent and intense in the future, this would be in the form of intense rainfall concentrated over a few days, with longer dry spells in between rainfall events.
The spread among members as measured by the standard deviation (SD) of the ensemble mean can be considered an indicator of uncertainty. Fig. 5 shows the ensemble of model-derived indicies of rain fall extremes, the magnitude of the spread as shown by the SD was larger to the northeast and to the southwest of the MASP region, where the increase in rainfall was more intense and significant. This pattern was also detected in projections for rainfall extremes, days with intense and light rain, and consecutive dry days. Figs. 4 & 5 suggest that the projected changes, mainly in 2041− 2070 and 2071− 2100, were intense and significant, especially in the northern part of the MASP region, and, to the southwest and northeast of this region, the spread among members was also large, suggesting that the projected changes were still subject to uncertainties. The spread in the regional model climatology suggested that, for this time period, the final climate showed stronger dependence on the regional model internal characteristics, given similar large-scale conditions provided by the driver model.
The indices based on percentiles or number of days with rainfall above a certain limit indicated an increase in the intensity and frequency of rainfall extremes in the MASP region and to the northeast. The projected changes shown in Figs. 3 & 4 , derived from the Eta-HadCM3 runs, were comparable in tendency with those derived from the IPCC AR4 global models shown by Tebaldi et al. (2006) , Junquas et al. (2012) , and Seneviratne et al. (2012) , particularly after 2040, and from other downscaling experiments (Marengo et al. 2009a ,b,c, Nuñez et al. 2009 ) for southeastern South America, where the MASP region was located. Table 2 summarizes in a qualitative way the ob served and projected trends for indices of rainfall and extremes for the 1961−1990 base-line, and for 3 time slices for the future as derived from the Eta-HadCM3 40 km for the MASP region. Observations were from the IAG USP station, and the changes shown in the respective column were for the 1961− 1990 period relative to the 1933−2009 long-term mean. The projected trends were comparable to those derived from global or regional models (e.g. Tebaldi et al. 2006 , Vera et al. 2006 , Marengo et al. 2009a ,b, Nuñez et al. 2009 ) for southeastern South America and the MASP region until 2100. Since the above-mentioned studies were performed for the 2071−2100 time slice, it was possible to compare tendencies with those studies and also to assign higher confidence for the 2071− 2100 period, as compared to the other 2 time slices.
CONCLUSIONS
Changes in rainfall extremes in the São Paulo region of southeastern Brazil to the end of the 21st century were assessed using a com bination of observations and model projections. Observations from the meteorological station in the MASP showed an increase in total and heavy precipitation, and a decrease in light precipitation.
To assess projections of changes in rainfall extremes in the MASP region, we used an ensemble of 4 members of projections of climate based on the EtaHadCM3 models, for the SRES A1B emissions scenario to the end of the 21st century. The indices of extremes used in this study were those derived by Frich et al. (2002) , with the addition of a light rainfall index R5 (number of days with precipitation < 5 mm). Trends were assessed for significance using the nonparametric Mann-Kendall test.
Projections based on percentiles or number of days with rainfall above a certain threshold indicated an increase in the intensity and frequency of total rainfall and heavy precipitation, as well as negative trends for light rain. In addition, weak positive trends in CDDs indicated an increase in dryness. This suggested an increase in total precipitation and in the contribution to total precipitation from more intense rainfall events, with the possibility of longer dry periods between days with intense rain, in the MASP region. The trends were more intense and significant in the second half of the 21st century. The changes in extremes, while intense and significant, showed considerable spread among members, suggesting that uncertainties were still high on these projections. This showed the influence of the large-scale conditions provided by the driver HadCM3 global model.
We are aware that dynamical downscaling may not provide information at a point (i.e. weather station) scale, because that is a scale at which RCMs parameterizations would not work. However, we believe that this exercise allows for trend analyses to detect increases or decreases in total and extreme rainfall and that this information can be used inform stakeholders and the general public, even though uncertainties in climate models may still be high. The strengths and weaknesses identified in the Eta should not be regarded as permanent defects, since the model is undergoing continuous improvement.
To avoid the impacts of extremes in both the present and future, cities will play an important role in assessing the vulnerability of their residents in order to implement adaptation measures. In the case of São Paulo, this includes urban floods and landslides resulting from intense rainfall where there is high exposure of the population to these hazards, with dozens of lives lost during the summer rainy season every year. If rainfall extremes and associated impacts on vulnerable populations in both urban and rural areas are expected to increase in frequency and intensity in the near future, then cities must be prepared with adaptation options so residents can cope with such consequences of climate change.
Since land use change, due to urbanization and the expansion of current cities, is not included in most projections of future climate, judicious studies combining land use changes and urbanization with GHG Table 2 . Qualitative summary of observed changes in the MASP region and projected changes in rainfall extremes generated by the Eta CPTEC-HadCM3 (40 km grid box resolution) near the IAG USP Agua Funda station, for the A1B emission scenario and for the ensemble of 4 available members. Significance was defined based on the results of the Mann-Kendall significance test (see Fig. 4 ). S: significant; NS: non-significant. The arrows are used to define the direction of the trends and not their magnitude emission increases need to be implemented, with a resolution capable of representing local aspects of landscape and climate change in both the urban and suburban areas of megacities. 
